ABSTRACT In magnetic resonance imaging (MRI), several studies have demonstrated that the metamaterial-based structures can effectively improve the sensitivity, and thus the signal-to-noise ratio (SNR), of receiving radio-frequency (RF) coils. However, the use of metamaterials for this type of the MRI application is often limited due to the bulkiness of the metamaterial structure at RF wavelengths and a lack of frequency tunability of the final design. In this work, we propose a planar compact sub-wavelength (< λ/50) spiral resonator to increase the sensitivity of a receive coil with frequency tunability for the 1.5 T MRI. Its double-layered spiral design with a cavity embedded in the substrate between the two spirals allows water deposition for frequency tuning. At the resonance frequency of 64 MHz, the spiral resonator shows a 24% improvement in terms of the B − 1 field at the depth of 30 mm into a load experimentally. Even at a penetration depth as much as 60 mm (deep brain in the case of head imaging), an enhancement of 9% was observed. Moreover, the magnetic field enhancement comes with a decrease (10%) in specific absorption rate (SAR). In terms of tuning, by controlling the water level in the cavity, the proposed spiral resonator shows a wide tuning range of 35 MHz, centered around 64 MHz, with high tunability sensitivity (2.4-0.75 MHz/ml or 15-4.8 MHz/mm), which is due to the fact that the tuning cavity is located between the two spirals, where the fields are highly confined.
I. INTRODUCTION
Magnetic resonance imaging (MRI) is one of the most widely used imaging techniques in modern healthcare for disease diagnosis as well as fundamental research [1] . It provides advantages over other imaging techniques such as computed tomography (CT) and X-ray in terms of a high soft tissue contrast and the absence of ionizing radiation. In MRI, a high signal-to-noise-ratio (SNR) leads to an image with a high spatial resolution and a reduced scan time [2] . An increase in SNR can be achieved by several methods such as increasing the static main field (B 0 ) [3] , optimizing the geometry of radio-frequency (RF) coils for high coil sensitivities (high RF magnetic fields, called B 1 fields in MRI) [4] , applying contrast agents [5] , and innovating MRI pulse sequences
The associate editor coordinating the review of this manuscript and approving it for publication was Trivikram Rao Molugu. and image processing algorithms [2] , [6] . Increasing the B 0 field (into the ultra-high field range > 4 T) has several technological as well as safety challenges. They include the considerably increased hardware complexity and cost, interference patterns formation and a reduced penetration depth of RF coils due to a shorter wavelength in tissues, which leads to a decreased coil sensitivity [4] , increased patients' discomfort due to a more pronounced magnetohydrodynamic effect [7] , [8] , and safety concerns such as increased RF exposure and potential tissue heating due to local peaks of inhomogeneous B 1 -fields. There is a need to improve SNR in an MRI scanner without increasing B 0 field [9] .
Metamaterials and their two-dimensional counterparts, metasurfaces, are artificial composite materials which are engineered to exhibit designed electromagnetic (EM) properties commonly not found in nature [10] , [11] . Metamaterials and metasurfaces consist of periodic unit cells (that are normally < λ/10 of a wavelength) arranged in a three-dimensional (3D) and two-dimensional (2D) manners, respectively. The ability to tailor EM properties of metamaterials allows one to design devices with unique characteristics. The advantages of metamaterials have been demonstrated in numerous applications such as optical superlensing [10] , [12] , [13] , invisibility cloaking [14] , waveguide and patch antenna miniaturization [15] , [16] , high-impedance surface realization [17] , and element isolation in closely-spaced antennas [18] .
Metamaterials have been applied to MRI for the improvement of coil sensitivity and RF transmit efficiency [19] - [29] , and element decoupling in a multi-coil array [30] - [32] . The fundamental physics behind the application of metamaterials is that they can be designed to guide and redistribute non-propagating near field waves at their resonance, resulting in an increase in coil sensitivity and an increase in field penetration into the imaging volume. Mainly, they are in the forms of ring/roll arrays [19] , [21] , and wire arrays (also called wire media) [20] , [23] .
In [19] , an array of swiss-roll resonators was used as a magnetic flux guide to translate the signal from a sample to a distant receive coil at 0.5 T (operation frequency of 21.3 MHz). In order to resonate at 21.3 MHz, the rolls are as tall as 200 mm to obtain enough self-capacitance, resulting in a large physical size. In [21] , a capacitively loaded split ring was proposed as a unit cell for field enhancement for 1.5 T MRI. With a 2D unit cell, a 3D ring array can be formed to interact with waves isotropically. The coil with this metamaterial shows a field enhancement of four times 10-60 mm away from the coil, however, the structure is bulky, the lumped capacitors are hard to be tuned simultaneously, and they introduce additional noise. For the wire media, one application for MRI is to use the parallel wire array as an endoscope [20] , [33] - [36] , where evanescent waves can propagate from the source at one end of the array to the other end with practically no loss [37] . It was demonstrated in [20] that a good image collimation can be obtained even for a curved wire array with a very small cross-section, which thus opens an opportunity for internal imaging. The other application of a wire medium to MRI is to make use of field enhancement effect of Fabry-Perot resonance of an array of half-wavelength wires. Due to the half-wavelength constrain, the size of the wire can be impractical to the application to an MRI coil. In order to make the wire media comparable to an MRI coil in size, approaches such as submerging the metasurface in water [23] or CaTiO 3 suspension [38] , introducing capacitors at the ends of the wires [28] , or zigzag-shaped wires [39] were proposed. Short wires were introduced between long ones to further enhance the local fields [38] . In [38] , a wire medium was attached on a high dielectric pad (CaTiO 3 , r = 110) for size reduction and field enhancement with the observed SNR improvement of 2.7 times at 7 T. However, this design will be impractical for a lower field system due to the increased working wavelength. Although metamaterials have proven their usefulness for MRI, the designs are mostly bulky.
Besides metamaterials and metasurfaces, recently, a single meta-unit-cell was applied as a resonator to enhance the sensitivity of a Rx coil, successfully demonstrating the effectiveness of sensitivity increase [29] . The proposed resonator is 2D thus it does not take up too much space. Due to the lack of periodicity yet the similarity to a metamaterial/metasurface unit cell, it is called metamaterial-based structure. The metamaterial/metasurface/metamaterial-based structures between an RF coil and the load is a resonator that can be seen as an RF lens which redistributes the near-field energy for a longer field penetration. They are call metamaterial-based resonator from now on in this manuscript.
For a metamaterial-based resonator applied to an existing MRI coil, tunability is another critical constrain. In general, for a metamaterial-based resonator, once a structure is finalized and fabricated, the working frequency of the resonator is fixed without any tunability. In the application to MRI, the final working frequency of a resonator is typically designed to accommodate for a preset coil and an average load. However, when the resonator is installed, the change of the working environment, such as the change in the relative locations between the coil, the resonator, and the load, or the change of the load itself can significantly shift the resonant frequency of the experimental setup, and consequently lower the strength of received signals. Therefore, tunability is critically important for a successful application of the metamaterial-based resonators to a real MRI environment. Moreover, the static magnetic field can vary depending on a manufacturer, e.g. for the main field used in this work, it can vary from 1.3 T to 1.6 T. It is essential to have the tuning possibility of the resonator.
For tuning, it was suggested to mechanically tune the resonance frequency of wire-based resonators in [24] , [27] , [28] . In [24] , the proposed resonators can be mechanically tuned from 70.8 MHz to 50.2 MHz by varying the length of the telescopic bras tubes. Other than mechanical tuning, liquid tuning can be another option for metamaterial-based resonators applied to MRI. Indeed, liquid-tuning metamaterial is an emerging physical concept in recent years, starting to show applications in active optical control and bio-sensing [40] . Water as a liquid dielectric with a high-permittivity ( r = 78) can be used for frequency tuning and size reduction of a metamaterial-based resonator [41] . For the application to MRI, in [25] , a frequency tunability was shown for a modified version of the wire-based metamaterial resonator at 1.5 T [23] . The structure is a 14 × 2 wire array with a total dimension of 255 mm× 140 mm× 20 mm. The frequency tuning mechanism consists of two dielectric blocks (380 mm×130 mm) at the ends of the wires, filled with water of a varied height (106 mm-198 mm). When the water level in each block is varied from 106 mm to 186 mm, the resonance frequency of the metamaterial shifts from approximately 76 MHz to 64 MHz. The maximum SNR enhancement is observed when the water level is 171 mm. In this design, the change of frequency with respect to the water level is nonlinear, showing a tuning sensitivity of about 0.5 MHz/mm when the side blocks are approximately half full and the sensitivity of about 0.13 MHz/mm when the side blocks are almost full. The tuning sensitivity is low, which requires a large tuning volume of water and makes the design even bulkier.
Overall, there are two main limitations in the design of metamaterial-based resonators for MRI scanners, 1) a large physical size due to a low resonance frequency, and 2) a lack of tuning mechanism of the fabricated structure with a reasonable tuning sensitivity. In this work, motivated by metamaterial-based resonators, we propose a compact highly sub-wavelength (< λ/50) water-tunable spiral resonator working with a receive coil for B 1 field enhancement for a 1.5 T MRI scanner. The proposed resonator consists of a dual-layered circular spiral on a substrate with a cavity for water deposition/removal. The deposition of water in the substrate plays two roles, one is to facilitate the tunability, and the other is to scale down the resonance structure through a relatively high permittivity. The cavity is introduced in between the two resonators, where the fields are highly confined. This leads to a high frequency tuning sensitivity, which allows a wide-range frequency variation with a small water volume. The proposed spiral resonator is introduced between a RF receive coil and a subject under a scan for an RF magnetic field (B 1 -field) enhancement and thus for an enhancement of the coil sensitivity. It is thin (less than 10 mm), thus ensuring a close proximity between the RF coil and the subject under a scan, so as to maximize the sensitivity of the RF coil. This paper is organized as follows. Section II describes the proposed water-tunable spiral resonator for an MRI RF receive coil and its implementation. Section III presents a validation of the design through the simulated and measured results. Section IV provides a discussion on the benefits and limitations of the proposed design and outlines the future work. Section V concludes the work. Fig. 1 schematically shows the 3D-and the side-views of the proposed water-tunable highly sub-wavelength spiral resonator. This proposed spiral resonator consists of two copper circular spirals attached on both sides of a dielectric substrate with a cavity. The dimensions of the substrate, the cavity inside the substrate, and parameters of the spiral are labeled in Fig. 1 . R in and R out are the inner and outer radius of the spiral, respectively, w and th are the width and the thickness of the spiral arm, respectively, a and b are the edge length and the thickness of the substrate, respectively, and c and d are the edge length and the thickness of the cavity inside the substrate, respectively. As shown in Fig. 1 (b) , the spiral resonator is introduced between a RF receive (Rx) coil (a single loop coil) and the subject under a scan, the load. The spiral resonator is inductively coupled with the Rx loop coil forming a loop-spiral Rx system. The magnetic flux of the loop passes through the spiral resonator which is designed to redistribute and enhance the field, as will be demonstrated in detail in the next Section. The proposed spiral resonator is thin to guarantee a close proximity between the coil and the subject for a high SNR.
II. DESIGN OF THE WATER-TUNABLE SPIRAL RESONATOR
A circular spiral was used as the resonator because it can provide low resonant frequency while maintaining a relatively small physical size due to a high inductance that can be obtained by increasing the number of spiral turns [42] . The resonant frequency can be decreased by either increasing the dimension, increasing the permittivity of the substrate, or increasing the substrate thickness. In the proposed spiral resonator we used a dual-layer design, that is when two spirals were placed on the opposite sides of the substrate, thus creating an inter-layer interaction between two planar structures and increasing the total capacitance of the resonator [42] . The two spirals are symmetric with respect the central plane between them cutting across the substrate. A cavity with a pair of inlet/outlet openings in the substrate is for water deposition/removal to tune the resonant frequency of the structure. Water deposition to the cavity in the substrate helps to lower the resonant frequency further, owing to the high dielectric constant of water.
For resonant frequency tuning, our proposed solution is to use a substrate with a variable level of a high-permittivity dielectric liquid, i.e. water, to change the 90306 VOLUME 7, 2019 effective permittivity of the substrate. Thus, water deposition into the substrate's cavity plays a dual role, one is the miniaturization of the resonator as mentioned, and the other is the frequency tunability. The cavity is introduced in between the two spirals to enhance the interaction of water with the fields from the resonators, so as to enhance the sensitivity of water for frequency tuning with a constrained tuning volume.
The dimensions of the spiral resonator were determined by examining the resonance frequency of the resonator using CST Eigenmode solver. Fig. 2 (a) shows the schematic of the spiral resonator model with variable water level used for frequency calculation in Eigenmode solver. Fig. 2 (b) shows the obtained resonant frequency of the spiral resonator with respect to the water level inside the cavity, going from completely empty cavity (0 mm) to fully filled cavity (4 mm). The dimensions of the spiral were determined such that the proposed double-layer spiral structure is resonating around the desired frequency of 64 MHz. A double-layer structure that possess such frequency behavior was found to have the following dimensions, R in = 3 mm, R out = 40 mm, w = 2 mm, th = 0.01 mm, a = 84 mm, b = 6 mm, c = 80 mm, and d = 4 mm. This set of dimensions is not a unique solution and other combinations of parameters may result in similar or even better results. Nevertheless, to demonstrate the proposed design, this set of dimensions is used to provide a validation of the idea. As shown in Fig. 2 (b) , the resonance frequency is reduced from around 97 MHz to 43 MHz with the introduction of water. This results in an estimated frequency tuning range of 54 MHz. This tuning range will be altered later by the introduction of a loop coil and a load, but the simulation can give a good estimation of the minimum and maximum frequencies and the tuning range. Moreover, the size of the spiral resonator is about λ/55 at the operation frequency of 64 MHz, which corresponds to a sub-wavelength regime. The resonator can have other geometries as long as it is physically compact. For example, space-filling curves, such as Hilbert curve [29] , can be used to create compact planar resonators operating in RF range.
III. SIMULATION & EXPERIMENTAL RESULTS

A. FULL-WAVE 3D MODELING
Full-wave simulations using CST Microwave Studio Suite were performed using the model as shown in Fig. 1 with the dimensions determined in the previous section. The substrate is modeled as a dielectric with r = 3.5. The proposed resonator is placed in between a Rx loop coil with a diameter of 80 mm, and a homogeneous cuboid load with a side length of 150 mm and the following electrical properties, r = 82, σ = 0.52 S/m. The separation between the Rx loop and the spiral resonator is fixed at s 1 = 10 mm. It is set to be so for the following reasons. On the one hand, it is desirable to reduce the separation between the spiral resonator and the load, s 2 , to maximize the field intensity. On the other hand, a distance between an RF coil and a load is required for safety reasons as high currents on conducting surfaces of the coils can cause tissue burns. Thus, the separation distance s 1 = 10 mm is a reasonable trade-off between the two constraints. The penetration into the load, denoted as p, is defined as the distance along the central axis of the load starting at the bottom of the load. The Rx loop coil was tuned to resonate at 64 MHz and matched to 50 using schematic post-processing function of CST. To examine SAR inside the load a whole body shielded high-pass birdcage coil with the following parameters ID = 570 mm, L = 1040 mm, 16 rungs, was used as a transmit (Tx) coil.
To evaluate the performance of the proposed spiral resonator, its magnetic field distribution was compared to that of a single Rx loop coil with the load without the proposed spiral resonator. In this case, the loop is moved closer to the load such that the separation between them is s 2 = 10 mm for a fair comparison. The Rx loop without a resonator was tuned to resonate at 64 MHz and matched to 50 as well. For an ease of comparison the coordinate system is located in the center of the load's base with the y−axis pointing into the load as shown in Fig.1(b) . This increase in the magnetic field intensity introduced by the proposed resonator does not affect the specific absorption rate (SAR) much. Fig. 4 (a) and (b) show the 10 g averaged SAR (SAR 10g for 1 W of accepted power) distributions on the central xy−plane for the cases without and with the spiral resonator, respectively. It can be seen that, with the introduction of the proposed resonator, the SAR is slightly redistributed. The maximum averaged SAR 10g level is reduced by 10% (from 0.029 W/kg to 0.026 W/kg) when the resonator is introduced. As the SAR distributions on the xz− and the yz−planes are very similar as well, thus they are not shown here. In the proposed design, the maximum SAR is reduced by the resonator, which shows one of the advantages of this design. Indeed, a combination of a high field strength and a low SAR is also seen when the resonator is changed to a Hilbert curve without water tunability [29] . Fig. 5 shows optical images of the fabricated spiral resonator and the Rx loop coil. A rectangular box (84 mm×84 mm×6 mm) with an internal cavity (80 mm×80 mm×4 mm) was 3D-printed using Polylactic Acid (PLA) ( r = 3.5). The copper spirals were fabricated on a thin flexible Kapton ( r = 3.35, tan(δ) = 0.007) substrate using standard printed circuit board photo-lithography. The spirals were attached to the top and bottom surfaces of the PLA box, symmetric with respect to the central plane cutting across the substrate. The PLA box has one input and one output openings with a diameter of 1 mm, and silicone tubing for the delivery/removal of liquid into/out of the cavity. De-ionized water was used throughout the experiments for water tuning.
B. PROTOTYPE FABRICATION
Two thin loop coils with a radius of R = 40 mm were fabricated on flexible Kapton substrate (Fig.5(b) ). One was loaded directly with the load, a cuboid container with a side length of 150 mm filled with 9% Sodium Chloride solution ( r = 82, σ = 0.52 S/m) that mimics average electrical properties of the human body. For the loop coil, an L-shaped tuning circuit with one shunt and one series trimmer capacitors was used. The other loop coil has the fabricated spiral resonator placed s 1 = 10 mm away from it and loaded with the same cuboid container, placed at s 2 = 10 mm away from the spiral resonator. With the introduction of the resonator, the tuning circuit of the coil does not require a shunt trimmer as the tuning is done by varying the water volume in the cavity by using a syringe connected to the tubing. Only one series trimmer capacitor was used for matching. As our proof-ofconcept experiments did not involve an actual MRI scanner, there was no need to use high-voltage non-magnetic capacitors at this point, and simple trimmer capacitors were used. Moreover, in a real scanner setup, the proposed Rx coil needs to have a detuning circuit to prevent the coupling between the Rx and Tx coils.
C. MEASUREMENT SETUP
The water tunability of the proposed design was tested by measuring the frequency response of the coil by using a vector network analyzer (VNA) (Rhode & Schwartz, model number: ZVH8), when the proposed spiral resonator is placed in between the coil and the load. The magnitude of the reflection coefficient, |S 11 |, of the coil was recorded at different water levels in the cavity. Moreover, the quality factor, which is defined as Q = f res / f 3dB , of the coil with the proposed spiral resonator with and without the load were calculated at the central frequency of 64 MHz.
To validate the simulation results, the magnetic field distributions produced by the Rx loop with and without the proposed spiral resonator were measured. The schematic view of the measuring setup is illustrated in Fig. 6 . The Rx coil and a small field measuring loop (called field probe) were connected to Port 1 and Port 2 of the VNA, respectively, forming a two-port network. The field distributions were acquired indirectly by measuring S 21 -parameters of this two-port network [4] . The Rx loop together with the spiral resonator were placed parallel to the xz-plane. The field probe is a circular loop with an aperture of 10 mm. The axis of the probe was oriented in parallel with the loop axis to measure the H y −component of the magnetic field, and perpendicular to the loop to measure the H x −component. The total B µ 0 = 4π10 −7 , and j = √ −1. An in-house built measurement platform with three-axis movements (x-, y-, and z-axis) was used. It allows the field probe to move in a maximum range of 500 mm × 500 mm × 500 mm. The H x − and H y -field distributions were acquired on the central xy-plane (perpendicular to the loop/loop + spiral) and on the xz-plane (parallel to the loop/loop + spiral) at a fixed distance of 30 mm above the loop/loop + spiral. All measurements were done with a fixed resolution of 5 mm×5 mm. The cables connected to the VNA are 1 m long to ensure a smooth unconstrained movement of the field probe. Cylindrical ferrite cores were attached to the cables in order to avoid any parasitic signals and unwanted noise.
D. EXPERIMENTAL RESULTS
The measured S 21 -parameters of the two-port network formed by the loop coil and the field probe were compared to the simulated ones in two cases: 1) when the cavity is empty, and 2) when the cavity is fully filled with water. Fig. 7 shows the comparison of these cases in the presence of the load. It should be noted that in the experiment the cavity was able to hold only 25 ml of water, in contrast to the predicted value of 25.6 ml calculated from the cavity's dimensions (80 mm×80 mm×4 mm). This discrepancy is most likely due to the fabrication error and possible presence of a glue residue which was used to connect two parts of the fabricated substrate. From Fig.7 it can be observed that the measured results agree reasonably well with the simulated results for both the case of the empty cavity (solid lines at around 80 MHz) and that of a fully filled cavity (dash lines around 40 MHz). In the case when the cavity is fully filled, at the targeted frequency of 40 MHz, the discrepancy between the measured and the simulated result is 3.5 % (1.36 MHz). It is also observed that the discrepancy is bigger at the second peak at 60 MHz, but it is not the working frequency. This level of disagreement (less than 5% for the main peak) between the idealized numerical simulations and the experimental measurements VOLUME 7, 2019 FIGURE 7. Comparison of the S 21 response simulated using CST and the one obtained experimentally in the presence of a load in two cases 1) when the cavity is completely empty, and 2) when the cavity is fully filled with water. can be caused by the imperfections of the fabrication. These small discrepancies are taken into consideration in the further comparison between the simulations and measurements. In particular, for a fair comparison between the simulations and measurements at a fixed frequency, the water level in the cavity was configured in simulations and measurements independently such that to achieve a resonance at 64 MHz. , which shows that the signal is dominated by the load. Fig. 9 (a) shows the magnitudes of the measured |S 11 | of the loop coil coupled with the spiral resonator in the presence of the load while the water volume inside the substrate cavity was increased from 0 ml to 25 ml (the corresponding water level was changed from 0 mm to 3.91 mm). In Fig. 9 (a) , it can be seen that, when the water level changes, the resonant frequency varies from approximately 77 MHz to 42 MHz, spanning 35 MHz around a center frequency of 64 MHz. Fig. 9 (b) shows the measured resonance frequency versus the water volume in terms of milliliters as well as water level in terms of millimeters.
In Fig. 9 (b) , it is observed that the frequency sensitivity differs when the cavity is less than half full and when the cavity is more than half full. It is in agreement with the simulated results in Fig.2(b) . However, the sensitivity trend can be described by two linear fitting curves calculated for the two corresponding regions. As shown in Fig.9 (b) , when the cavity is less than half full, the sensitivity is relatively higher at 2.4 MHz/ml on average (or 15 MHz/mm), whereas when it is filled up more than half, the tuning sensitivity drops to 0.75 MHz/ml (or 4.8 MHz/mm).
It is more sensitive compared to the tunable metamaterial proposed in [25] . The high sensitivity of the proposed design is attributed to the fact that the water is introduced in between the two spiral resonators where the fields are highly concentrated. It leads to a relatively large frequency tuning range with a smaller water volume required, which in turn contributes to a small form factor of the tunable resonator.
An additional degree of tunability for the proposed structure is the frequency shift due to the separation distance between the coil and the spiral resonator, s 1 . Fig. 10 shows the variation in the resonant frequency of the unloaded loop coil coupled with the spiral resonator when the separation distance between the two is varied, and the resonator cavity is empty. By changing the separation s 1 from 0 mm to 15 mm, the resonance of the structure can be varied within approximately 15 MHz. It can be seen that the frequency shift is non-linear as the rate of change is faster for smaller separation distances and it saturates for distances s 1 > 10 mm. This is due to the lower coupling between the loop and the spiral resonator at larger separation distances s 1 .
The measured B − 1 -magnetic field magnitude distributions are shown in Fig.11 . The measurement were done on two perpendicular planes, the central xy−plane and xz− plane at a distance of 30 mm inside the load. Fig. 11(b),(d) and (a),(c) show the measured B − 1 field distributions with and without the proposed spiral resonator, respectively. The system was tuned to resonate at 64 MHz by using both the tuning circuit of the coil and varying the water level in the cavity of the substrate. Since the field measuring setup only allows to retrieve a relative value of the B 1 -field, the colorbars in Fig.11 are normalized to a fixed arbitrary value max = 5·10 −9 . In terms of the field pattern, a good agreement with the simulation results from Fig.3 can be seen.
On the xy-plane, comparing Fig.11 (a) and (b), it can be seen that the field is stronger and more focused with the introduction of the resonator. The maximum and average measured B − 1 -field strength is increased by 32% and 12%, respectively, with the introduction of the spiral resonator. On the xz−plane 30 mm inside the load, the field strength is increased with the proposed resonator by comparing the Fig.11(c) and (d) . On the xz−plane the maximum and average measured B − 1 -field strength is increased by 79% and 27%, respectively, with the introduction of the spiral resonator. Fig. 11 (a) ) with and without the proposed spiral resonator. It can be seen that the experimental results agree reasonably well with the simulations. It shows that, in a close proximity to the resonator, for example, when p < 20 mm, the measured field intensity is improved by more than 36% compared to the case without the resonator. When it is deeper down into the load, there is still an enhancement of 24% at 30 mm, 17% at 40 mm, and one of 13% at 50 mm. Although in simulations, the B − 1 -field intensities with and without the spiral resonator are comparable at the distances of around 40 mm and beyond, as can be seen from the inset in Fig. 12 , in the measurements it shows a field enhancement of 9% even at 60 mm. In Fig.12 , it is clearly shown that the introduction of the proposed spiral resonator significantly enhances the magnetic field of a loop coil, leading to an increase in the penetration depth.
In order to understand how the introduction of water into the spiral resonator affects its ability to focus the magnetic field we measured the B − 1 field distributions on the central xy-plane inside the load in two more cases: 1) when the cavity is completely empty and the structure exhibits a resonance at 77 MHz, and 2) when the cavity is fully filled with water and the structure exhibits resonance at 42 MHz. Fig.13 (a) and (b) show the comparison between these two extreme cases as 2D field distributions for the (a) 77 MHz and (b) 42 MHz resonances, respectively. It can be seen that the field patterns produced in these two cases are very similar to each other and the pattern for the 64 MHz resonance case in Fig.11(b) . Fig.13(c) compares the corresponding 1D field distributions of the two cases when measured through the central line (shown as a white dash line in the sub- figure (a) ). The 1D field distributions produced by a single loop coil at the two selected frequencies are included as well for a fair comparison. It can be seen that the introduction of water into the cavity improves the field strength in all three cases. The field improvement is maintained up to 5 cm into the load.
IV. DISCUSSION
We have successfully demonstrated the frequency tunability of a highly sub-wavelength spiral resonator designed for a receive loop coil for 1.5 T MRI. Both simulations and experiments demonstrate significant RF field enhancement and an increase in field penetration of a single loop coil with the introduction of the proposed resonator, while the SAR levels are slightly reduced. Spirals configured in a double layer manner are proposed to realize resonance at a physical dimension of λ/55. Further studies including simulations with a human voxel model and measurements at a 1.5 T MRI scanner are expected.
A cavity in the substrate between the two spirals was designed for water filling to obtain a wide-range frequency tunability. The cavity is introduced at the place where the fields from the spirals are highly confined. With such a configuration, the interactions of the tuning agent, water, and the waves are guaranteed, allowing the proposed structure to have a high tuning sensitivity, and thus a wide tuning range within a constrained tuning volume. Moreover, water as the tuning agent does not degrade the field enhancement, which means the loss it introduces is negligible.
In a practical MRI setup, when such a spiral resonator is designed and fabricated for an existing coil, it can be placed between the coil and the load, and water can be injected through the tubing using syringes for tuning/matching of the coil to resonate at a desired frequency. After the tuning, plugs will be inserted to the inlet and outlet of the cavity to maintain a water level. In an MRI environment, water can be changed to heavy water to reduce noise in the scanner [43] .
We intentionally used different tuning circuits for the cases with (only one trimmer for matching) and without (L-shape tuning network with two trimmers for both tuning and matching) the proposed spiral resonator to demonstrate the frequency tunability of the proposed structure without any tuning capacitor. If the same L-shape tuning circuit is used for the case of the loop coupled with the proposed spiral resonator, the tuning range can be even wider.
When the cavity is only partially filled, the resonant frequency of the proposed spiral resonator drifts if the resonator is tilted. Fig.14 shows the frequency response of a partially filled cavity when the water level is tilled 5 • and 10 • . As shown, when the water level is tilled 10 • , the resonant frequency drifts from 57 MHz to 64 MHz. When tilting of partially filled water tank is taken into consideration, the tuning range of the resonant frequency as shown in Fig.9(a) FIGURE 14 . Effect of resonator tilting.
will differ. To guarantee the robustness of water tuning, partitioning of the inner cavity can be an effective solution, which will be examined in the near future. Moreover, in terms of the B 1 field enhancement, the effect of tilting of water level is not prominent. The reason is that the enhancement of B 1 -field is due to the double spiral structure and the enhancement is consistently present even in the extreme cases of a completely empty cavity ( Fig.13(a) ) and fully filled cavity ( Fig.13(b) ). In order to lower the sensitivity of the resonant frequency to the orientation of the resonator, the cavity can be divided into small compartments, or alternatively replaced by meandering tubes.
The interactions of electrical and magnetic fields produced by a coil and the spiral resonator depend heavily on the geometry of the coil and the resonator. While designing a resonator for magnetic field enhancement one should pay attention to the electric field as well. An increase in the electric field will lead to an increase in SAR, which can then become a safety concern. The proposed resonator shows an enhancement in magnetic field while a lowered SAR level. Besides spiral structures, other resonators can be used as well, such as e.g. the Hilbert curve reported in [29] , which showed enhancement of the magnetic field while simultaneously suppressing the electric field.
Besides water, other liquids can be used for tuning as long as the tuning range is substantial, the viscosity allows a reasonable tuning speed, and it does not introduce a large amount of loss to the system. Besides the water level variation in the substrate, varying the distance between the loop coil and the resonator can be an additional way for tuning the resonance frequency. However, as the space between the coil and the subject under scan is limited, the variation of a distance between the two will be restricted, which limits the range of frequency variation. For this reason, this approach for tuning may not be practical.
In terms of receive coils, in this work, a circular loop was used as a demonstration. Such a circular loop coil can be a coil element of a head coil array [4] . When the proposed approach is applied to other types of RF coils, such as e.g. TEM coils and birdcage coils, more studies are required to evaluate the performance of the resonator. Depending on the characteristics of the targeted coils, e.g. the field distributions, the design of the resonator may need to be tailored to obtain a good combination of high magnetic field enhancement and a low SAR level.
In this study, the proposed spiral resonator was applied to a commonly available high-field MRI scanner (1.5 T) where an improvement in the SNR is strongly needed. Nevertheless, there is no inherent limitation in the application of the proposed solution to increase the RF magnetic field of scanners of other field strengths, such as very high fields (e.g. 7 T), and the very low fields (< 0.3 T). An extension of this study for MRI safety for high-field MRI systems can be foreseen. For a low-field system, a low B 0 leads to a low SNR which degrades images. In such a case, an increase in sensitivity of the RF coils helps to improve imaging quality. The proposed approach may be applied to a lower-cost portable permanentmagnet-based MRI system (< 0.5 T) [44] , [45] to increase its SNR. A spiral resonator, similar to the one we propose here, can be of great help to obtain an increase in the coil sensitivity. In this proposed approach, tunability is introduced without sacrificing a field enhancement. For a very-low-field system, one thing to take note is a very long working wavelength of the RF coils, e.g. 23 m for a 0.3 T scanner. In general, in order to successfully apply a metamaterial-inspired resonator for such low-field systems, the resonator has to have practical dimensions comparable to the size of the RF coils used. For this purpose, resonators with deep-sub-wavelength dimensions are needed. One possible solution for a deepsub-wavelength resonator can be planar structures with a high self-inductance and self-capacitance, probably using a liquid with a much higher dielectric constant than water. More studies are needed in the near future.
V. CONCLUSION
A planar water-tunable highly sub-wavelength (< λ/50) spiral resonator is proposed for RF magnetic field enhancement of an MRI receive coil at 1.5 T. A double-layered spiral structure on a water-tunable substrate was used as the resonator to achieve a highly sub-wavelength design. The field enhancement of a loop coil by introducing the proposed resonator is successfully demonstrated experimentally confirming the numerical investigations. At the resonance of the loop coil at 64 MHz, a measured maximum B − 1 field enhancement of 32% and 79% has been demonstrated on the central xy-plane and the xz-plane plane 30 mm inside the load, respectively. With the proposed resonator, the penetration depth of the magnetic field from the coil has been increased considerably.
In the proposed design, a wide-range frequency tunability is achieved by introducing a cavity in the substrate in between the two spirals where the fields are highly confined. Due to the highly confined fields, the sensitivity of the frequency tunability is high (2.4-0.75 MHz/ml or 15-4.8 MHz/mm) within a limited volume as small as 80 mm × 80 mm × 4 mm. A tuning range of 35 MHz centered around 64 MHz has successfully been obtained experimentally in the loaded condition by depositing/removing water in the cavity. Her research interests include radiofrequency (RF)/microwave noninvasive/contactless sensing, wideband RF/microwave components, wireless power transfer, RF aspects of MRI, low-field MRI, and non-linear MRI image reconstructions. VOLUME 7, 2019 
